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ABSTRACT 

Some common hydrocarbons have been sub jec t ed  t o  a 3000 w a t t  R.  F. 

e l e c t r o d e l e s s  d i scha rge ,  The d i s t r i b u t i o n  of t he  product  approximates 

ina t  c a l c u l a t e d  f o r  a l i m i t e d  h igh  t e m p e r a t u r e q u i l i b r i u m  along a tempera- 

t u r e  g r a d i e n t .  The presence of t h e  p red ic t ed  a s p h a l t  b a r r i e r  i s  confirmed 

both from t h e  appearance of  t he  plasma f o r  mixtures  of hydrogen and 

methane and from t h e  product  d i s t r i b u t i o n  using hydrocarbons whose 

elemental  composition f a l l s  i n  t h e  a s p h a l t  r eg ion  of t he  G-H-O t e r n a r y  

diagram computed by Dayhoff, e t  a l ,  The f r e e  energy of  formation of t h e  

over  t h e  temperature  range 1000- 25H10y s o l i d  product ,  o f  composition 6 

1400°K i s  a l s o  e s t ima ted ,  

Qh i s  work w a s  supported i n  p a r t  by a g r a n t  from t h e  Na t iona l  Aeronaut ics  
and Space Adminis t ra t ion ,  
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I N T  RODU C T  I O N  

Many workers have investigated the effect on hydrocarbons of 

high energy sources, such as arc and electrodeless discharges (P,2), 

pyrolysis ( 3 , 4 )  and the plasma jet (5,6) In each experiment 

acetylene i s  produced in fairly high yeild, In the equilibrium: 

ZCH4 F== C 2 H 2  + 3 H 2  

e reverse reaction is favored at low temperatures, but above 

about 1500'K the forward reaction predominates. Thus acetylene 

becomes a major product in the equilibrium o f  hydrocarbons, and 

in all the above experiments (1-6) the results can be explained 

by postulating a limited high temperature thermodynamic equili- 

brium. 

Dayhoff, Lippincott and Eck (7,8) have written a computer 

program to calculate the concentration of the products o f  thermo- 

dynamic equilibrium for systems of up to 2 5  elements over a wide 

range of temperature and pressure, by minimizing the total free 

energy of the system ( 9 ) .  In a previous publication from this 

laboratory (10.) it was shown that when a plasma is formed from 

organic oxygen compounds by means of an electrodeless discharge, 
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t h e  major p r o d u c t s  a r e  t h o s e  p r e d i c t e d  us ing  t h i s  program, by 

assuming a t empera tu re  between 1 0 0 0 °  and l500'K. 

I n  t h e  work d e s c r i b e d  h e r e ,  a s e r i e s  o f  hydrocarbons a r e  

s u b j e c t e d  t o  a 3000 w a t t  R.F ,  e l e c t r o d e l e s s  d i s c h a r g e ;  t h e  p roduc t s  

a r e  ana lyzed  and t h e i r  c o n c e n t r a t i o n s  are compared t o  t h e  p r e -  

d i c t e d  c o n c e n t r a t i o n s  assuming t h a t  a l i m i t e d  thermodynamic e q u f l i -  

brium de termines  t h e  p rodue t  fo rma t ion ,  

EXPERIMENTAL 

The a p p a r a t u s  u s e s  t h e  same p r i n c i p l e s  a s  t h a t  d e s c r i b e d  i n  

d e t a i l  p r e v i o u s l y  (10) a l though t h e  power supply  (3kV) and o s e f l -  

l a t o r  (7MHz)  a r e  d i f f e r e n t ,  enab l ing  3000 w a t t s  t o  be coupled i n t o  

.lie plasma,  The hydrocarbon samples used were e i t h e r  gases  ( o f  

p u r i t y  g r e a t e r  t h a n  9 8 % )  from c y l i n d e r s  s u p p l i e d  by Matheson 

S c i e n t i f i c  I n c .  and A i r  Products  and Chemicals Imc, o r  t h e  

vapours of  a n a l y t i c a l  g rade  v o l a t i l e  l i q u i d s ,  

A t  low gas  p r e s s u r e s  t h e  plasma i s  i n  t h e  form of  a glow 

d i s c h a r g e  b u t  a s  t h e  p r e s s u r e  i s  r a i s e d ,  t h e  glow l o c a l i z e s  t o  a 

' f l ame '  plasma (10) w i t h  t h e  consequent  fo rma t ion  o f  a s o l i d  

d e p o s i t ,  Th i s  i s  t o  be expec ted  s i n c e  t h e  composi t ions  of a l l  

of t h e  compounds used f a l l  i n  t h e  a s p h a l t  r e g i o n  of  t h e  C-H-0 

t e r n a r y  diagram ( 7 , 8 , 1 0 ) ,  For s a t u r a t e d  hgdrocafbons ,  t h e  t r a n s i -  

t i o n  from a glow d i s c h a r g e  t o  a flame plasiha Q C C U ~ S  a t  a p r e s s u r e  

o f  about 2 5  t o r r ,  and t h e  working p r e s s u r e  used  i n  t h e  exper iments  

was 30 t o r r ,  whereas f o r  u n s a t u r a t e d  hydrocarbons t h e  t r a n s i t i o n  
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occurs at about 14 torr and the working pressure was 20 torr, 

At the end of each experiment the apparatus was filled with 

300 torr of  helium to facilitate the analysis of the products by 

gas chromatography, This analysis was carried out using two gas 

chromatographs, a Varian Aerograph 1520B with a Linde 5B molecular 

sieve column using both thermal conductivity and flame detectors and 

a Perkin-Elmer 881 using a Parapak Q column with a flame detector, 

The former of these two columns was used to separate the light 

components, H 2 ,  CH4, C2H6 and C2H2@ while the second column was used 

to determine the concentrations of the trace components such as the 

C 3  and C 4  hydrocarbons, 

under the peaks, calibration being carried out using a standard gas 

c2’::ture made up by Matheson Scientific, 

Concentrations were determined from the areas 

COMPUTATIONS AND RESULTS 

In all the computations which were performed the free energies 

far formation, &l F f 8  of the simple hydrocarbons were those given by 

Rossini, et al, (111, while those of more complex molecule5 were 

calculated using the group contribution method of Van Krevelin and 

Chermin (121, Initially, to represent the solid product, the ap- 

proximation was made which was described in the previous publication 

(lo), namely that all the high molecular weight product was assumed 

be a composite molecule of 100 isomers with the formula C22H12s 

and called asphalt; the free energy of formation of  asphalt could 

then be calculated using the group contribution method (121, The 
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activation energy for the formation of graphite is considered t0 

be so high that it is excluded from the computations (9,8,lO), 

These computations showed the formation of asphalt to be 

a major factor in determining the concentrations o f  the gaseous 

products, 

compositions ranging from 20% carbon [methane) to 50% carbon 

(benzene), the concentrations of a11 the gaseswere shown to 

vary to a small degree,, whereas that of asphalt varied considera- 

bly, accounting.for the difference in total carbon content between 

the product gases and the reactant gas; this is illustrated in 

Figure I, 

For a given temperature and for starting elemental 

The gases used t o  determine the initial CZHratios and their 

elemental compositions are shown in Table I, and the measured 

concentrations of the major products as determined using a gas 

chromatograph with the molecular sieve column and temperature 

programming to 3OO0C are shown in Table 11, It is seen that the 

change in concentration of all these major components is insigni- 

ficant over the five elemental cornpositions investigated, Quali- 

tatively these results may be explained using the computed 

C - H - 0  ternary diagram (10); asphalt is deposted until the C:H 

ratio reaches the asphalt threshold, Since at this point a l l  

the gases have the same C:H ratio the resultant gases would be 

expected to be present in the same proportions if the species 

in the plasma were the same, 
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The p a t t e r n  of c o n c e n t r a t i o n s  of t h e  minor p roduc t s  a l s o  v a r i e s  

on ly  s l i g h t l y  f o r  C-H e lemen ta l  composi t ions f rom 2 0 %  t o  5 0 %  of carbon,  

and t h i s  i s  i l l u s t r a t e d  i n  F igu re  I 1  which shows t h e  gas  chromatograms 

of t h e  p r o d u c t s  s e p a r a t e d  on a Parapak Q column wi th  tempera ture  

programming t o  1 7 0 ° C ,  

a lmost  i d e n t i c a l ,  which shows t h a t  t h e  r e a c t a n t  gases  a r e  a lmost  t o t a l -  

l y  decomposed i n  t h e  plasma,  

ca rbons ,  i t  can b e  seen  t h a t  f o r  t h e  propane plasma product  (C) t h e  

i n t e n s i t i e s  o f  t h e  peaks due t o  propane and propylene  a r e  r e v e r s e d  

compared t o  t h o s e  f o r  t h e  propylene plasma product  (D); however, t h e  

d i f f e r e n c e  i s  s o  sma l l  t h a t  i t  i s  c a l c u l a t e d  l e s s  t han  O , O l %  of t h e  

s t a r t i n g  gas i s  l e f t  u n r e a c t e d ,  I t  i s  a l s o  of  i n t e r e s t  t h a t  a l though 

1 .  ?y lene  i s  formed i n  Ixigkr y i e l d  t h a n  e thane  and e t h y l e n e ,  bo th  

y : ipane  andpropylene  a r e  formed i n  h i g h e r  y i e l d  t h a n  propyne,  which 

i s  seen  i n  F igu re  I1 a s  a sma l l  shou lde r  a t  t h e  base  o f  t h e  propane 

peak ,  A t  t empera tu res  which would cause  a c e t y l e n e  t o  predominate  

over  ethylene and e t h a n e ,  propyne should  be p r e s e n t  a t  a c o n c e n t r a t i o n  

I t  i s  seen  t h a t  t h e s e  f i v e  chromatograms a r e  

I n  t h e  s e t  'of peaks due t o  t h e  C g  hydro- 

of two o r d e r s  of magnitude g r e a t e r  t h a n  e i t h e r  propane o r  p ropy lene ,  

The fo rma t ion  o f  t h e  minor p roduc t s  must be dominated by some 

f a c t o r  b e s i d e s  thermodynamic e q u i l i b r i u m  s i n c e  t h e  minor p r o d u c t s  

a.re a l l  p r e s e n t  i n  f a r  g r e a t e r  c o n c e n t r a t i o n  t h a n  i s  computed f o r  any 

tempera ture  above room t e m p e r a t u r e ,  F igu re  I11 shows how t h e  t o t a l  

e q u i l i b r i u m  c o n c e n t r a t i o n  of t h e  hyd-rocarbons from C1 t o  C 5  v a r i e s  

w i t h  t h e  number of carbon atoms p r e s e n t  i n  t h e  molecules ,  and excep t  

f a r  t h e  two s m a l l e s t  carbon numbers, where a c e t y l e n e  becomes f avored  

over  methane a t  h igh  t empera tu res ,  t h e  loga r i thm of t h e  sum of a l l  



t h e  mole f r a c t i o n s ,  

of carbon atoms v a r i e s  monotonica l ly  w i t h  t h e  carbon number, How- 

e v e r  expe r imen ta l ly  i t  i s  found t h a t  hydrocarbons w i t h  an even 

number of  carbon atoms t e n d  t o  predominate ove r  t h o s e  w i t h  an odd 

number; t h i s  i s  i l l u s t r a t e d  i n  F igu re  I V ,  S ince  t h e  s e n s i t i v i t y  

o f  t h e  flame i o n i z a t i o n  d e t e c t o r  i s  roughly p r o p o r t i o n a l  t o  t h e  

carbon c o n t e n t  of t h e  hydrocarbon under  i n v e s t i g a t i o n  [l3), t h e  

t o t a l  a r e a ,  A ,  under t h e  peaks f o r  each  s e t  o f  hydrocarbons w i t h  

a g iven  carbon c o n t e n t  i s  d i v i d e d  by t h e  carbon number, N ,  t o  g i v e  

&measure  t o  t h e  t o t a l  number of  hydrocarbons w i t h  a g iven  carbon 

c o n t e n t ,  Superimposed on t h e  g e n e r a l  downward t r e n d  i s  a c l e a r  

i n d i c a t i o n  t h a t  even carbon-numbered cornpounds predominate  over  

niP of t h e  hydrocarbons w i t h  a g iven  number 

.,e wi th  an odd carbon number, I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  

Oro and Han (41, when pyro lyz ing  methane a t  1000°C over  s i l i c a  g e l ,  

found t h a t  even numbered carbon compounds predominated,  e s p e c i a l l y  

i n  a rene  format ion ,  w h i l e  Davis and Libby (14) who s u b j e c t e d  s o l i d  

methane a t  770K t o  gamma-ray r a d i o l y s i s ,  found t h a t  t h e r e  was a 

predominance of  even carbon-numbered o l e f i n s ,  This  may be connected 

w i t h  t h e  f a c t  t h a t  t h e  C 2  r a d i c a l  has  been i d e n t i f i e d  s p e c t r o s c o p i c a l l y  

a s  one of t h e  major c o n s t i t u e n t s  i n  plasmas formed by t h e  a c t i o n  of 

; ~ ~ r k  and glow d i s c h a r g e s  on methane [ l 5 ) ,  

I t  i s  of some importance t h a t  t h e  minor compounds a r e  p r e s e n t  

i n  g r e a t e r  r a t h e r  t h a n  s m a l l e r  c o n c e n t r a t i o n s  t h a n  expec ted ;  t h i s  i n -  

d i c a t e s  t h a t  t h e  b u i l d - u p  of l a r g e  molecules  i s  f a i r l y  e a s i l y  achieved  

by t h e  s p e c i e s  p r e s e n t  i n  t h e  plasma, The s p e c i e s  which have been 
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shown spectroscopically to be present in comets, e,gas H, CH and C 2  

(16), have also been shown to be present in these plasmas (IS), 

Urey (171, Whipple ( 1 8 )  and O r 0  (191 have suggested that the ter- 

restral capture of non-volatile meteorite matter and cometary col- 

lisions may account for a Parge proportion of the organic compounds 

on the Earth, The present investigation shows that the concentra- 

tions o f  hydrocarbons may have accumulated above their equilibrium 

value by a similar mechanism, 

The composition of the solid product on the walls of the 

reaction tube was found to be better approximated by a composition 

C Z 5 H l 0  rather than CZ2Hl2" 

of formation to use for asphalt of this cornposition, and a range 

The problem arose of what free energy 

-: values was tried, from 140 to 320 k-cals/mole at a temperature 
of 1000°K, and from 200  to 380 k-cals/mole at 140O0K, Figure V 

shows how the computed concentrations of the major products change 

with these free energies of formation using composition A (methane). 

At very low values of 

system is found in the asphalt and the mole fractions, ni, of the 

other hydrocarbons, i, is too low, while at high values of 

L%Fisphalt nearly all the carbon in the 

the concentration of asphalt becomes much smaller Fzsphalt s 
"Lan is measured experimentally; the true value must take an 

intermediate value, The measured Concentration o f  methane is 

best explained using 

while that of acetylene corresponds to 

at 1350°K, 

Fgsphalt = 270 k-cals/ mole at llOO°K, 

Fzsphalt = 345 k-cals/mole 

It is therefore suggested that products are formed in 

their equilibrium concentrations along ?he temperature gradient 

from the center of the plasma, the final product distribution being 
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determined by t h e  i n a b i l i t y  of  t h e  molecules  t o  overcome t h e  a c t i -  

v a t i o n  e n e r g i e s  involved  a t  t empera tu res  lower than  1000°K, 

i s  t h e  same 

from t h i s  l a b o r a t o r y  on t h e  d i s t r i b u t i o n  of  r e a c t i o n  p roduc t s  from 

C - H - 0  plasmas ( l o ) ,  

Th i s  

p r o c e s s  t h a t  was sugges t ed  i n  t h e  p rev ious  p u b l i c a t i o n  

Using v a l u e s  f o r  F & p h a l t  of 2 4 0  k - c a l s l  mole a t  1000°K, 

300  k-ca ls /mole  a t  1200°K and 360 k-ea ls /mole  a t  1400°K,  computa- 

t i o n s  were performed f o r  v a r i o u s  mix tu res  of  methane and hydrogen 

i n  o r d e r  t o  f i n d  where t h e  a s p h a l t  b a r r i e r  on t h e  C-H-0 t e r n a r y  

diagram c u t s  t h e  C - H  a x i s ,  F o r  t empera tu res  between l l O O o  and 

1400°K,  and f o r  p r e s s u r e s  between 2 0  and P O 0  t o r r ,  t h i s  t h r e s h o l d  

i s  found i n  t h e  range 8 0 %  M2: 2 0 %  CH4 f o r  low t empera tu res  and 95% 

H i :  5 %  CH4 f o r  high t e m p e r a t u r e s ,  s e e  F igu re  V I ,  Th i s  co r re sponds  

.the r e g i o n  on t h e  C - € 1  a x i s  o f  t h e  t e r n a r y  diagram between 2 %  
-. 

and 8 %  of carbon,  

Exper imenta l ly  i t  was found t h a t  when a mix tu re  o f  methane 

and hydrogen was s u b j e c t e d  t o  t h e  d i s c h a r g e ,  t h e  plasma changed 

from a glow d i s c h a r g e  t o  a flame plasma a s  t h e  p r o p o r t i o n  of 

methane was i n c r e a s e d ,  For high r a t i o s  of  hydrogen t o  methane, 

t h e  p r e s s u r e  i n  t h e  r e a c t i o n  tube  would have t o  be r a i s e d  above 

t h e  .normal v a l u e  o f  30 t o r r  b e f o r e  t h i s  t r a n s i t i o n  would occur ,  

7 ;pe r imen ta l ly  t h e  measured r a t e s  o f  hydrogen and methane f l o w  were 

kep t  c o n s t a n t ,  wh i l e  t h e  t o t a l  p r e s s u r e  was i n c r e a s e d  u n t i l  t h e .  

t r a n s i t i o n  from a glow d i s c h a r g e  t o  a f lame plasma oceured ,  The 

o n s e t  p r e s s u r e  o f  t h e  €lame plasma i s  p l o t t e d  a g a i n s t  v a r i o u s  methane 

flow r a t e s  f o r  a c o n s t a n t  f low r a t e  o f  hydrogen i n  F igu re  V I I ,  I t  
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TABLE I 

Compounds Used and The i r  Elemental Compositions 

Compound Composition % Carbon % Hydrogen 

Methane 

Ethane 

Propane 

Propy lene  

Benzene 

20 80 

25 75 

27,3 72 ,7  

3 3 , 3  66,7 

50 50 



TABLE I1 

Composition 

A 

B "  

c 
D 

E 

H2 cH4 c2H6 c2H4 c2H2 

7 3 . 3 %  15 0 4% 0.9% 2.3% 8,0% 

75,O 14,O 1 ,O 3.0 7,0 

7 3 , 4  15.3 0,8 2 , 9  9 ,7  

79 0 3 11.1 0,8 1.7 7.1  

77,P 13,s 1 , 5  1 . 4  6 - 6  

* - Estimated 
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